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Plastocyanin (Pc) is a copper-containing protein, which functions as an electron carrier between the cytochrome b6f and photosystem 1
(PS1) complexes in the photosynthetic electron transfer (ET) chain. The ET is mediated by His87 situated in the hydrophobic surface in the
north region of Pc. Also situated in this region is Leu12, which mutated to other amino acids severely disturbs the ET from cytochrome f and
to PS1, indicating the importance of the hydrophobic surface. The crystal structure of the Pc double mutant G8D/L12E has been determined
to 2.0 A˚ resolution, with a crystallographic R-factor of 18.3% (Rfree = 23.2%). A comparison with the wild-type structure reveals that
structural differences are limited to the sites of the mutations. In particular, there is a small but significant change in the hydrophobic surface
close to His87. Evidently, this leads to a mismatch in the reactive complex with the redox partners. For PS1 this results in a 20 times weaker
binding and an eightfold slower ET as determined by kinetic measurements. The mutations that have been introduced do not affect the optical
absorption spectrum. However, there is a small change in the EPR spectrum, which can be related to changes in the copper coordination
geometry.
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1. Introduction reaction partners. These regions are the acidic patches on thePlastocyanin (Pc) from spinach is a small (10.4 kDa)
copper-containing protein, which functions as an electron
carrier between the two membrane embedded protein com-
plexes cytochrome b6f and photosystem 1 (PS1) in the
photosynthetic electron transfer (ET) chain. The protein
consists of 99 amino acids, folded into an eight-stranded,
anti-parallel h-barrel [1]; see Fig. 1. Two regions of the
protein contribute to complex formation between Pc and its0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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Abbreviations: ADP, atomic displacement parameters; ET, electron
transfer; Pc, plastocyanin; PS1, photosystem 1
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SE-541 28, Sko¨vde, Sweden.eastern side (residues 42–45 and 59–61) of the protein and
the hydrophobic northern patch through which the ET is
mediated via one copper ligand histidine (His87) [2–4]. The
other copper ligands are provided by a histidine (His37) and
a cysteine (Cys84) and at a longer distance, a methionine
(Met92). The liganding atoms from the two histidines and
the cystein are positioned in a plane, while the methionine is
an axial ligand to the copper. The compromise between the
tetrahedral co-ordination, preferred by Cu(I) and the trigonal
co-ordination, preferred by Cu(II), results in a distorted
tetrahedral geometry. This co-ordination gives the protein
an intense blue color and a small hyperfine splitting in the
EPR spectrum when oxidized as well as a high reduction
potential [5–7].
To understand the ET reactions between different proteins
in detail, site-directed mutagenesis is a powerful tool. Spe-
cific residues in Pc have previously been mutated and the
Fig. 1. A drawing of the secondary structure of the double mutant Gly8Asp/
Leu12Glu of spinach plastocyanin in ‘standard’ orientation with the Cu site
at the top (‘to the north’) and the acidic patches at the right side (‘to the
east’). Side chains of active site residues, the mutation sites and the Cu ion
are shown in a ball-and-stick representation. The mutated residues (Asp8
and Glu12), one active site histidine (His87) and the N- and C-termini are
labeled.
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and biochemical methods [8–19]. These studies have
revealed the importance of the acidic patches for electrostatic
interactions between Pc and PS1 [12–16] and between Pc
and cyt f [13,17–19]. The surface of the hydrophobic patch is
in addition considered to be very important for obtaining a
tight binding between Pc and its reaction partners. For one
mutant, where Leu12 in the hydrophobic patch was replaced
with a Glu residue, the ET to PS1 became much slower than
for the wild-type protein [9]. This suggests an important role
for this region in interacting with PS1. Extensive studies of a
series of Pc mutants in position 12 were therefore conducted
to further elucidate the interaction between Pc and PS1 [12].
In those studies Leu12 was replaced with residues ranging
from small and neutral to large and positive. All these mutant
proteins were then characterized utilizing optical absorption
and EPR spectroscopy, isoelectric focusing, redox titrations
and in addition the kinetics of their reaction with PS1 were
determined.
It was found by Sigfridsson et al. [12] that the Leu12
mutants displayed a reduced reactivity toward PS1. In par-
ticular, all mutations of this residue resulted in a disappear-
ance of the fast (13 As) phase, which is normally present in the
decay kinetics for the wild-type protein. The very slowkinetics obtained for the Leu12 mutants, as well as for
mutations involving residues 10 and 90 [10], suggests that
these residues are part of a region whose conserved structure
is very important for the binding to PS1. In addition, it was
found that deprotonation of Glu12 (pKa = 6.6) resulted in
even slower kinetics [12]. Thus, a negative charge at this
position makes the binding to PS1 even worse.
Stopped-flow studies have shown that the hydrophobic
patch is also important for the interaction with cyt f. Replac-
ing Leu12 with Glu or Ala resulted in a fourfold or twofold
smaller second-order rate constant, respectively [8,19], while
an Asn in this position resulted in a four times larger rate
constant [8]. Mutations of the Ala90 and Gly10 residues,
which are also part of the hydrophobic patch, resulted in
smaller and larger second-order rate constants, respectively
[19]. Indeed, a recent NMR study of the complex between Pc
and the water-soluble domain of cyt f shows that Leu12 and
Ala90, but not Gly10, are situated in the contact region
between the two proteins [20].
The kinetic studies referred to above were performed with
wild-type Pc from spinach and various mutant proteins.
However, despite extensive trials, we have failed to produce
good-quality crystals of any of these proteins. Therefore, we
chose to compare the structure of the G8D single mutant
previously solved by us [21] with that of the G8D/L12E
double mutant reported here. The G8D single mutant protein
is very similar to the wild-type protein in terms of its
reactivity towards PS1 [11] while the present work shows
that the behavior of the G8D/L12E double mutant is equally
disturbed as the L12E single mutant.
In the present investigation we have determined the
crystal structure of the double mutant G8D/L12E to 2.0-A˚
resolution in order to obtain a detailed picture of the region
around the mutation site. Since it is generally believed that
the ET occurs at the hydrophobic interface regardless of
redox partner, the current structure will shed light on the
binding properties and the hydrophobic requirements in this
region of the protein.2. Materials and methods
2.1. Construction of the G8D/L12E Pc mutant
The L12E mutant was prepared as described in Ref. [22]
using the polymerase chain reaction on the over-expression
vector of Pc (pUG101tr). To the L12E mutated Pc gene a
second mutation G8D, necessary for crystallization [21],
was later introduced, using the same technique. The entire
gene was sequenced and transformed into Escherichia coli
RV308.
2.2. Expression and purification
The mutant protein was over-expressed in the periplasm
of E. coli RV308 grown at 37 jC, 150 rpm for 16 h. The
Table 1
Data collection parameters and refinement statistics
Mutant G8D/L12E
Temperature 100 K
Unit cell constants a, b= 74.8
c= 31.4
Space group P3121
Number of molecules
in asymmetric unit
1
Crystal mosaicity 0.48
Number of measurements 75 874
Unique reflections (I/r(I)>2.0) 6936 (6400)
Data completeness 98.6%
Rmerge
a 8.2%
Number of atoms 779
Protein atoms 738
Solvent atoms 41
Rms deviations
Bond lengths 0.019 A˚
Bond angles 1.7j
Resolution range 19.3–2.0 A˚
Number of reflections 6244
Number of parameters/restraints 3128/8275
R-value (Rfree)
b 18.2% (23.0%)
a Rmerge ¼
P
H
P
i¼1
N AhIðHÞii  IðHÞiA=
P
H
P
i¼1
N
IðHÞi where I(H)i is
the ith measurement of reflection H,hIðHÞii is its mean value and the
summation extends over all the reflections measured more than once in the
set.
b R ¼
X
AF0  FcA=
X
AF0A.
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l ampicillin, 100 AM CuSO4 and 0.5 mM IPTG. The outer
cell walls were disrupted by osmotic lysis and some
contaminating proteins were removed by lowering the pH
to 5.0. The protein was further separated from other proteins
by chromatography with an anion-exchanger (Whatman
DE32), a size exclusion step (Sephacryl S-100HR) and a
Resource Q anion exchanger FPLC column. The amount
and yield of holo-Pc was determined spectroscopically
under oxidizing conditions using an absorption coefficient
of 4700 M 1 cm 1 at 597 and 278 nm [22]. The purified
protein was stored in 20 mM Tris pH 7.5 and frozen in
aliquots in liquid nitrogen.
2.3. Characterization of the mutant protein
Optical spectra were obtained at room temperature with a
Cary 4 UV/Vis spectrophotometer. EPR spectra were
recorded at 77 K with a Bruker ER 200D-SRC spectrometer
operated at 9.28 GHz. The determination of the protein pI
was performed on a Pharmacia PhastSystem using PhastGel
Dry IEF according to Ref. [16]. The reduction potential of
the Pc mutant was determined in 20 mM Tris (pH 7.5) by
monitoring the 597-nm absorbance as the concentration
ratio between ferricyanide and ferrocyanide was varied.
The kinetics of the ET from Pc to PS1 was studied by
monitoring the flash-induced absorption changes at 830 nm
due to oxidized P700. The preparation of PS1 and other
necessary chemicals is described in Ref. [12] as is the
experimental setup.
2.4. Crystallization, data collection and data processing
Crystals from the G8D/L12E Pc mutant were grown at
room temperature by mixing 2 + 2 Al Pc at a concentra-
tion of 1.5–1.8 mM with 100 mM Na-ascorbate pH 4.5,
31–33% PEG 3350/4K and 0.2–0.3 M MgCl2 using the
hanging-drop technique. The color of the crystals was
deep blue, consistent with the copper ion being in the
oxidized form (Cu(II)).
An X-ray diffraction data set to a resolution of 2.0 A˚ was
collected on beam-line I7-11 at the Max II synchrotron in
Lund. In preparation for the data collection, the Pc crystals
were transferred briefly to a cryo-protectant solution con-
taining 5% PEG 400 in addition to the mother liquor, before
flash freezing in the cryogenic nitrogen gas stream (100 K).
X-ray diffraction data from a total rotation of 200j were
collected in steps of 0.5j from one crystal. The crystal-to-
detector distance was 100.0 mm and the wavelength was
0.991 A˚. All data were integrated using program XDS and
scaled and merged using XSCALE [23]. The final data set
after internal scaling consisted of 6400 independent reflec-
tions (I/r(I)>2.0) to 2.0-A˚ resolution, and the data set
represents 98.6% of the expected number of reflections to
this resolution. The redundancy of the data was 11-fold and
the average I/j(I) was 20.2. The temperature factor estimatedfrom Wilson scaling [24] was 26.7. The statistics and the
parameters from the X-ray structure determination are pre-
sented in Table 1. Ten percent of all data were excluded from
the structure determination and used for Rfree estimations.
2.5. Structure determination
The structure of the G8D/L12E Pc mutant was determined
to be isomorphous with the structure of the spinach Pc G8D
mutant previously solved by us [21]. Consequently, the
primary electron density maps were calculated using phases
from the G8D structure excluding water molecules, the Cu
ion and the side chain of residue 12. Crystallographic
refinement was carried out with energy restraints using the
maximum likelihood target in Refmac5 [25] using all data to
2.0 A˚. The R-value started at 30.1% (R-free 30.6%) after rigid
body refinement. The model was then subjected to two
rounds of simulated annealing (torsion angle molecular
dynamics starting at 6000 K) and energy minimization using
CNS 1.1 [26] to minimize model bias. Subsequent refinement
was carried out using Refmac5, using ARP/wARP [27] to aid
in locating water molecules, which were manually accepted
or deleted according to indications in the Fourier map and the
formation of reasonable hydrogen bonds. In addition, the
mutation sites were carefully inspected and complementary
omit-map calculations were performed in this region to
support the structure modelling procedure. After 16 rounds
of refinement and intervening model building with the
Fig. 2. The electron density map from the final 2Fo–Fc Fourier calculation (1.0r) showing the mutated residue 12 and the neighboring Cu ligand His87. The
mutated structure is drawn in a ball-and-stick representation superimposed on the corresponding wild-type residues (from 1AG6) represented as sticks.
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contained 738 protein atoms, 1 copper atom and 40 solvent
molecules. The R-value became 18.3% (Rfree = 23.2%) for the
crystal structure of the G8D/L12E mutant at 2.0 A˚.
Calculated composite omit maps (CNS) [29] agree
well with the model. The statistics of the refinement
results is summarized in Table 1. When the crystal
structures of the G8D and G8D/L12E Pc mutants were
superimposed, the root-mean-square deviation of the
main-chain and side-chain atoms became 0.17 and 0.68
A˚, respectively. In Fig. 2 the electron density of the
G8D/L12E mutant around residue 12 is presented as
another quality determinant of this structure.Table 2
Isoelectric points (pI), EPR spectroscopic parameters (AN, gN) and
reduction potentials (E0) for plastocyanin mutants
Plastocyanin pI AN (mT) gN E
0 (mV)
pH 6 pH 7.5 pH 9
wild type 3.82 6.4 2.24 384 384 384
G8D 3.56 6.2 2.23 383 381 380
L12E 3.81 5.9 2.24 386 354 354
G8D/L12E 3.64 5.9 2.24 385 360 3553. Results
3.1. Expression yield and isoelectric focusing
The expression level of the G8D/L12E Pc mutant was 15
mg/l culture which is on the same level as for the wild-type
Pc. The isoelectric point for the G8D/L12E mutant was
determined to 3.64, which is lower than the pI for the wild-
type protein, 3.82 (Table 2). This is as expected since two
negatively charged residues are introduced in the G8D/L12E
mutant compared to wild-type Pc. The pI for the single L12E
mutant, 3.81, is however very close to the wild-type value,
while the single mutant G8D has a pI of 3.56. This suggests
that the latter substitution is solely responsible for the shift in
pI for the G8D/L12E double mutant from the value for wild-
type Pc in line with the conclusion in [12] that Glu12 has an
unusually high pKa of 6.6.3.2. EPR spectroscopy and redox titration
EPR spectra were recorded on the oxidized Pc mutants to
further investigate whether the mutations caused structural
changes around the copper site. Small but significant
changes in the parallel region of the spectrum of the mutant
proteins compared to wild-type Pc were found as reported in
Table 2.
Redox titration of the G8D/L12E mutant showed altered
values compared to wild-type Pc (Table 2). Previously, other
mutants of the Leu12 residue have also shown significant
changes in reduction potential compared to wild-type Pc [12].
For the single L12E mutant a decrease of 30 mV in E0 at pH
7.5 and 9.0 was measured for the reduction potential, while at
pH 6.0 the reduction potential is similar to the wild-type
value. The same pH dependent tendency was observed for the
double mutant G8D/L12E (Table 2).
3.3. Kinetic measurements
The ET between the G8D/L12E Pc mutant and P700 in
PS1 was investigated at pH 7.5 by time-resolved absorption
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oxidizes P700, giving rise to an instant absorption increase at
830 nm, followed by a multi-phasic decrease when P700 gets
re-reduced by Pc. When analyzing the transients of wild-type
Pc three exponential functions are required to obtain a good
fit [12], while for the double mutant only two exponential
functions are needed irrespective of the Pc concentration
used: The fastest phase (rate constant 80,000 s 1) in the
kinetics for wild-type Pc is lacking for the G8D/L12E mutant
Pc. This indicates a significant disturbance in the interaction
between the G8D/L12E mutant and PS1. This disturbance
was previously also found for the single Leu12 mutants
investigated in Ref. [12].
The two phases observed for the double mutant are very
similar to those of the L12E single mutant at pH 7.5 [12]: The
rate constant (kobs) of the faster one increases with the Pc
concentration and saturates at a value of ca. 5 000 s 1 (the
half-maximal value is obtained at ca. 0.6 mM). The slowest
phase in the kinetics (amplitudeV 20%) is attributed to the
slow reduction of Pcox by ascorbate [12].
3.4. Quality of the refined structure
The final model of the spinach Pc G8D/L12E mutant
structure consists of 738 protein atoms, one copper atom
and 40 water molecules. The average atomic displace-
ment parameter (ADP or B-factor) for all protein atoms
included in the model is 23.7 A˚2, with the highest value
being 54.3 A˚2 and the lowest 10.9 A˚2. All the protein
atoms have well-defined electron density in the 2Fo–Fc
Fourier map except for parts of the side chains of three
residues, Glu59, Lys81 and Glu88, which are exposed to
the solvent and for which only very week density can be
seen beyond the Ch atoms.
According to the Ramachandran plot [30] from PRO-
CHECK [31] of the main chain torsion angles u and w for
the final G8D/L12E model, 88.8% of all non-glysyl residues
lie in the most favored regions and the others are found in the
additional allowed regions (not shown). An upper limit for
the average coordinate error can be estimated to 0.19 A˚
according to Luzzati [32] or to 0.12 A˚ by maximum likeli-
hood. The fit of the model to the electron density has been
quantified by the calculation of real-space correlation coef-
ficients to a simulated annealing composite omit map using
CNS. The average value of the real space correlation coef-
ficients is 0.92 for all atoms, and 0.93 for the peptide chain.
The electron density at the mutation site is good enough to
allow an unambiguous positioning of the Glu12 side chain.
The OE2 atom in Glu12 forms a hydrogen bond (3.17 A˚) with
the carbonyl oxygen of Gly34. The side chain is located in a
narrow pocket and has extensive van der Waals contacts with
the imidazole ring of His87 (Fig. 2). The position of the side
chain in the mutated position 8 is stabilized by hydrogen
bonds to Asn32 ND2 and Lys30 NZ of a neighboring
molecule in the crystal, in the same way as in the G8D single
mutant structure [21].4. Discussion
The structure of the Pc double mutant G8D/L12E has
been determined at a resolution of 2.0 A˚ with a final R-
factor of 18.2% (R-free 23.0%). (The coordinates have
been deposited with the PDB Data Bank, ID code: 1oow).
The refinement parameters and statistics have been sum-
marized in Table 1. The overall structure of the current Pc
mutant closely resembles the wild-type structure of Pc
from poplar tree [33] and the previously reported crystal
structure of the G8D single mutant of spinach Pc [21]
except for the loop formed by residues 54 to 59 on the
surface of the protein and residues 86 and 87 close to both
the mutation site L12E and the metal site. The r.m.s.d.
between the current double mutant and the single mutant
G8D protein was calculated to be 0.17 and 0.68 A˚ for the
main chain atoms and the side chain atoms, respectively.
The geometry of the final model is very satisfactory as
judged from PROCHECK [31] and from the RMSDs in
bond distances and angles as presented in Table 1. The
structure is well defined, with its electron density covering
the whole molecule, except for a few atoms on the surface
of the molecule. No significant extra peaks are found in
the Fo–Fc map, contoured at the 3.5 j level (f 0.3 e/
A˚3), after the final refinement cycle.
We previously reported [21] that the structure of spinach
Pc is very similar to that from poplar tree Pc. The core of the
protein retains the h-barrel structure as shown in Fig. 1.
Significant shifts were only reported for the backbone atoms
in the 59–61 loop. The side chain of Glu59 is in addition
pointing away from the position adopted in the poplar
structure. The difference between the structures in this region
was attributed to packing effects in the crystalline state. It is
worth noticing that in the structure of wild-type spinach Pc
determined by the NMR technique [34] the 59–61 region is
even further dislocated from the observed position in the X-
ray poplar Pc structure. Despite the fact that the averages of
the ADPs for the two structures, G8D/L12E and G8D, are
very similar, 21.4 and 23.5 A˚2 respectively, the Cu-binding
loop and the mutated residue 12 have significantly higher
ADPs in the G8D/L12E structure, indicating a greater flex-
ibility (Fig. 3).
EPR spectroscopy is a sensitive tool for studying the
oxidized copper-site of Pc and other proteins containing
unpaired electrons. The EPR parameters show that the
copper-site is slightly affected in the G8D/L12E double
mutant (Table 2). The parallel hyperfine coupling constant
AN is smaller for the mutant which indicates that the unpaired
copper electron is more delocalized onto the ligands [5,6].
This is seen already when introducing the single L12E
mutation to the wild-type protein, while the G8D mutation
on its own only has a small effect on the hyperfine coupling
(Table 2).
An increased electron delocalization should, in principle,
be reflected by a change in the coordination geometry. There
are indeed slight differences in the Cu–ligand bond dis-
Fig. 3. A presentation of the average atomic displacement parameters (B-
factors) for all atoms in each residue as a function of the residue numbers
for the Pc G8D/L12E double mutant (solid line) and the single mutant G8D
(broken line) (PDB ID: 1AG6).
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tures. However, the ADPs for the atoms in the Cu site are
rather large for the G8D/L12E structure, especially for the
surface-exposed residues (Fig. 3). Therefore, most of the
differences are within the error limits. The only significant
change is a decrease from 130j to 122j in the His37-ND1-
Cu-Cys84-SG angle when going from the G8D to the G8D/
L12E structure. Most likely, this leads to a better overlap
between Cu dx2 y2 and Cys-S pk orbitals and a smaller
hyperfine splitting.
Redox titration: As discussed earlier, a change in reduction
potential of Pc could alter its reactivity towards PS1. The
introduction of the single L12E mutation gives rise to a
decrease in reduction potential of 30 mV at pH 7.5 and 9.0
compared to wild-type Pc, while the difference between the
double mutant G8D/L12E and wild-type Pc is decreased at
pH 7.5 to 24 mV but remains 29 mV lesser at pH 9.0 (Table
2). As discussed in Ref. [12] the change in reduction potential
for the L12E mutant is probably an electrostatic effect caused
by the proximity between the Cu-ion and the glutamate
residue. The distance between Glu OE1 and Cu is approxi-
mately 3.9 A˚. Similar findings have previously been reported
for the related small copper protein azurin fromPseudomonas
aeruginosa [35].
The G8D mutation only alters the reduction potential
slightly from 384 mV for wild-type Pc to 381 mV for G8D
at pH 7.5. The difference in reduction potential is larger at
higher pH, while at pH 6.0 their reduction potentials are
almost the same. This is probably due to protonation of the
negatively charged residue. However, the effect is weaker
compared to the L12E mutation due to the large distance
between the Asp8 carboxylate group and Cu (ca 13.5 A˚).
Therefore, the change in reduction potential for the G8D/
L12E double mutant from the wild-type value can be largely
attributed to the L12E mutation.
As noted above, the reduction potential at pH 7.5 is
slightly larger for the double mutant compared to the singlemutant. This indicates that the pKa of Glu12 (previously
determined to 6.6 for the L12E mutant [12]) is slightly
raised by the G8D mutation in the double mutant. A
negative charge at the Asp8 carboxylate group is indeed
expected to increase the proton affinity of the Glu12
carboxylate group (distance ca. 12.6 A˚).
4.1. Interaction between Pc and PS1
The ET between the G8D/L12E double mutant and PS1 is
seriously disturbed in that the fast, 80,000 s-1 component
present in the P700ox decay for wild-type Pc is missing for the
double mutant. The same result was found for the L12E
single mutant in [12]. This reduced reactivity towards PS1 is
too drastic to be related to changes in the reduction potential
or explained from slightly changed spectral properties. Pre-
viously it was discussed whether the low reactivity was
related to a charge effect or to an altered structural confor-
mation [12]. It was concluded that both effects contribute and
this was based on three findings: First, a pH study showed
that the kinetics became even slower upon deprotonation of
Glu12 (pKa = 6.6), indicating that a negative charge at this
position disfavors the binding to PS1. Second, although the
kinetics were faster at low pH, the fast component character-
istic of wild-type Pc was still missing. Thus, an uncharged
Glu12 is not sufficient for full reactivity. And finally, the fast
phase was also missing for the L12A and L12N mutants
emphasizing that the shape of residue 12 is very critical for a
good interaction with PS1.
The kinetic data were interpreted in Ref. [12] in terms of a
reaction scheme that involves a conformational change. In
this model, the first complex between Pc and PS1 consists of a
distribution of conformations with only some of them being
active in ET. A rearrangement is necessary before an ET can
take place in those complexes that initially are in an inactive
conformation. The active conformation most likely involves
a close contact between the hydrophobic patch and a com-
plementary surface on PS1. See Ref. [16] for a thorough
discussion of the reaction scheme as well as alternative
models.
The lack of a fast phase for the Leu12 mutants was
suggested in Ref. [12] to be due to a less favored active
conformation in their complex with PS1. However, here we
offer a simpler explanation that also permits one to draw
quantitative conclusions from the kinetic data: Consider the
following reaction scheme,
Pcred þ Pox W
koff
kon
Pcred  Pox !
ket
Pcox  Pred ð1Þ
where kon and koff are rate constants for binding and
debinding, respectively, ket is the intracomplex ET rate
constant, and P stands for P700. Such a scheme gives rise
to biphasic kinetics when ketJkoff, kon[Pc] [12]. However, it
Fig. 4. A closeup view of the two hydrophobic surfaces based on the G8D
structure (dark) and the G8D/L12E structure (light). Leu12 and Glu12 are
shown in a ball-and-stick representation. The two surfaces drawn represent
the largest differences (on the order of 1 A˚) that can be found between the
two structures in the hydrophobic patch.
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concentration if koffJket. This reaction- or trap-limited
condition seems appropriate in those cases where a fast
phase is lacking in the kinetics, as for the Leu12 mutants or
certain analogous cyanobacterial systems [36,37 and refer-
ences therein].
Under reaction-limited conditions, the observed rate
constant will be given by kobsQ(ket/Kdiss)[Pc
red] (where
Kdiss = koff/kon) at low Pc concentrations. At high Pc con-
centrations kobs will saturate at a value approximated by ket.
Values of ket = 9100 s
 1 and Kdiss = 157 AM can then be
deduced from the data for the L12E mutant at pH 6.0 [12].
For wild-type Pc, one has to use a more elaborate reaction
scheme that can account for the presence of a fast phase in
the kinetics. This has been done in previous work and
typical values are ket = 75,000 s
 1 and Kdiss = 8 AM [16,
and references, therein]. Thus, the L12E mutation results in
a 20 times weaker binding to PS1 and an eight times slower
intra-complex ET at this pH. At higher pH, the binding
becomes even weaker due to the deprotonation of Glu12,
while the ET is essentially unaffected.
The eight times lower ET rate indicates that the effective
ET pathway is slightly longer in the active conformation for
the L12E mutant compared to wild-type Pc. Also, the
reorganization energy could be larger, due to, for example,
a deeper penetration of water into the region where ET
occurs. If only the distance dependence is taken into
account, then an increase of 1.5–2.0 A˚ is sufficient to
explain the lower rate. This could be caused by a slight
disruption of the complementarities in the interaction surfa-
ces of Pc and PS1. The same disruption could also make the
binding between the two proteins 20 times weaker.
Turning to the reaction with cyt f, stopped-flow kinetic
studies have shown that the second-order rate constant is
four times lower for the L12E mutant protein compared to
wild-type Pc and this effect was attributed entirely to a
fourfold weaker binding of the mutant protein [8]. This is
well in line with a recent NMR study that shows that Leu12
is in close contact with the water-soluble domain of cyt f
[20]. Thus, Leu12 plays a crucial role in interactions with
both PS1 and cyt f, and an important question then is if the
L12E mutation did result in a change of the complementar-
ities of the contact surfaces.
The structure of the double mutant G8D/L12E clearly
shows that the low reactivity is due only to a subtle change
in the northern hydrophobic patch, which mediates the
binding of the redox partners. Fig. 4 shows a closeup view
of this surface for the G8D structure as well as for the G8D/
L12E structure. Residue 12 is positioned on the outer part of
the hydrophobic patch. In the G8D structure the side chain
of Leu12 forms a small hydrophobic hill on this surface
(Fig. 4, dark) while in the structure of the G8D/L12E double
mutant there is a valley at this position and a new hydro-
philic hill is formed at the position of OE2 of Glu12 (Fig. 4,
light). In addition, the imidazole ring of His87 has moved
slightly towards Glu12, presumably due to k–k stacking(Fig. 2). Since the hydrophobic surface then in addition has
become smaller, DG for the formation of the complex must
now be more unfavorable.
One may speculate if this disturbance of the complemen-
tarities cannot be overcome by some conformational adap-
tation (‘‘induced fit’’). Indeed, the ADPs of Glu12 and
His87 are relatively high for the G8D/L12E structure (Fig.
3). However, a detailed examination of the structure reveals
that the side chains are very closely packed and there is
therefore not much room for structural changes upon com-
plex formation with PS1.
The subtle change in the hydrophobic surface reported
here provides an explanation based on structural evidence
for the loss of the fast 80,000 s 1 component in the
kinetics of the ET to PS1 for the L12E Pc mutant and
for its fourfold weaker binding to cyt f. These findings
strengthen the idea that the hydrophobic patch in small
blue copper proteins like Pc is important for the forma-
tion of an active ET complex. In particular, a high degree
of complementarity between the interacting surfaces is
required for a fast ET.Acknowledgements
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